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Abstract Concerns about the negative impacts of
productivist agriculture have led to the emergence of two
forms of ecological modernisation of agriculture. The first,
efficiency-substitution agriculture, aims to improve input use
efficiency and to minimise environmental impacts of modern
farming systems. It is currently the dominant modernisation
pathway. The second, biodiversity-based agriculture, aims to
develop ecosystem services provided by biological diversity.
It currently exists only as a niche. Here we review challenges
of implementing biodiversity-based agriculture: managing, at
the local level, a consistent transition within and among farm-
ing systems, supply chains and natural resource management.
We discuss the strengths and weaknesses of existing concep-
tual frameworks developed to analyse farming, social-
ecological and socio-technical systems. Then we present an
integrative framework tailored for structuring analysis of ag-
riculture from the perspective of developing a territorial
biodiversity-based agriculture. In addition, we propose a par-
ticipatory methodology to design this agroecological transi-
tion at the local level. This design methodology was devel-
oped to support a multi-stakeholder arena in analysing the
current situation, identifying future exogenous changes and
designing (1) targeted territorial biodiversity-based
agriculture, (2) the pathway of the transition and (3) the re-
quired adaptive governance structures and management strat-
egies. We conclude by analysing key challenges of designing
such a complex transition, developing multi-actor and multi-
domain approaches based on a combination of scientific and
experiential knowledge and on building suitable boundary
objects (computer-based and conceptual models, indicators,
etc.) to assess innovative systems designed by stakeholders.
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1 Introduction
In developed countries, the production-oriented or
productivist model of agriculture developed greatly after
World War II. It is based on the use of “off-the-shelf” technol-
ogies (e.g. synthetic inputs, genetics) to try to overcome envi-
ronmental heterogeneity and, more particularly, effects of lim-
iting and reducing production factors (van Ittersum and
Rabbinge 1997; Caron et al. 2014). This model contributed
to a specialisation of territories based on their suitability for
specific land uses (Foley et al. 2005). It also led to
standardisation of production methods and, as a consequence,
a decrease in the place-based cognitive resources necessary to
implement them. The desire to increase the health safety of
agricultural production and its standardisation, even normal-
isation, prolonged and strengthened this process (Horlings and
Marsden 2011; Lamine 2011). Since the 1980s, realisation has
emerged about the negative effects of this production model
on biodiversity, ecosystem functioning and climate change, as
well as on product quality, human health and the increasing
scarcity of fossil resources, water and natural phosphate de-
posits (MAE 2005, IAASTD 2009). At the same time, devel-
opment of the concepts of sustainability, multi-functionality
and ecosystem services challenged the monolithic logic of this
model (Huang et al. 2015). Evaluation of environmental im-
pacts of agriculture, social awareness of these issues linked to
media coverage, redefinition of the objectives of agriculture in
agricultural policies and, more recently, the worsening of the
food security issue have promoted new ways to address lim-
itations of this model of agriculture and of the “green revolu-
tion” (Godfray et al. 2010).
Horlings and Marsden (2011) distinguish two forms of
ecological modernisation of agriculture that address these lim-
itations. The first, in continuity with production-oriented ag-
riculture, is based on increasing resource use efficiency (e.g.
fertiliser, pesticides and water), recycling waste or by-
products of one subsystem in another (Kuisma et al. 2013)
and applying sound agricultural practices (Ingram 2008) or
precision-agriculture technologies (Rains et al. 2011). It is also
based on replacing chemical inputs with organic inputs (Singh
et al. 2011) or genetically modified organisms (Godfray et al.
2010). Its main objectives are to reduce negative environmen-
tal impacts and raise production limits of production-oriented
agriculture. Due to the levers of action it is based on, we call it
“efficiency/substitution-based agriculture”, while others call it
“ecological intensification” (e.g. Hochman et al. 2011).
The second form aims to enhance ecosystem services pro-
vided by biodiversity (Le Roux et al. 2008; Zhang et al. 2007).
These ecosystem services depend on the degree of
(agro)biodiversity at field, farm and landscape levels (Kremen
et al. 2012). Still focusing on the main lever of action, we
called it biodiversity-based agriculture, while other authors
call it “ecologically intensive agriculture” (Kremen et al.
2012) or “eco-functional intensification” (Levidow et al.
2012a, b). Extreme forms of these two forms of agriculture
(Table 1, top) must be considered as two ends of a continuum.
Importantly, in biodiversity-based agriculture, practices in-
creasing resource use efficiency and recycling are also imple-
mented, if necessary.
Some authors address production-oriented agriculture is-
sues without distinguishing between the two forms of ecolog-
ical modernisation (Godfray et al. 2010; Wezel et al. 2013). In
line with Horlings and Marsden (2011), we argue that this is
problematic for at least two main reasons. First, biodiversity-
based agriculture introduces a paradigm shift in the vision of
agricultural innovations and systems, especially in their objec-
tives and expected performances of agriculture (Caron et al.
2014) and in how to apprehend and manage interactions be-
tween the environment and production (Levidow et al. 2012a,
b). Efficiency/substitution-based agriculture usually consists
of incrementally modifying practices in specialised systems
to comply with environmental regulations, e.g. EU directives
(Duru and Therond 2014). In contrast, biodiversity-based ag-
riculture seeks to develop diversified cropping and farming
systems (Fig. 1a, b) and landscapes (Fig. 1c) to develop eco-
system services and, in turn, drastically reduce the use of
anthropogenic inputs (Duru et al. 2015). Second,
biodiversity-based agriculture requires “adopt[ing] a more
creative eco-economy paradigm which replaces, and indeed
relocates, agriculture and its policies into the heart of regional
and local systems of ecological, economic and community
development” (Marsden 2012). Accordingly, developing this
type of agriculture requires implementing multi-level and
multi-domain approaches at the local level (Caron et al.
2014; Horlings and Marsden 2011; Lin 2011; Marsden
2012; Stassart et al. 2012).
In recent decades, research has generated knowledge about
key interactions between biotic and abiotic components of
agricultural ecosystems (e.g. Lin 2011) and between biodiver-
sity, ecosystem functions and services (Cardinale et al. 2012).
However, this knowledge is too general to be used directly to
support design and management of diversified farming sys-
tems and landscapes promoting ecosystem services. Methods
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are still needed to manage the context-dependent features of
biodiversity-based management practices (Duru et al. 2015).
In parallel, social sciences, focusing mainly on economic sec-
tors (e.g. transport, energy), provided frameworks to analyse,
a posteriori, socio-technical transitions (e.g. Geels 2002,
2005) and methodological frameworks for “transition man-
agement”, i.e. to steer transition towards a normative goal,
such as sustainability (Loorbach 2010; Rotmans et al. 2001).
These frameworks were not developed, however, to address
characteristics of the agroecological transition on farms and to
reconnect agriculture to local ecological and socio-economic
systems (Sutherlan et al. 2015; see Sections 2 and 3 for
details). Accordingly, research is still needed to develop sa-
lient and legitimate methodologies that allow stakeholders to
design the “agroecological transition” that is, here, the transi-
tion from productivist or efficiency/substitution-based to
biodiversity-based agriculture (Caron et al. 2014; Kremen
and Miles 2012).
This paper proposes a transdisciplinary and multi-level
conceptual and methodological framework to analyse condi-
tions of and design the transition towards biodiversity-based
agriculture at the local level. In Section 2, we define the main
characteristics of biodiversity-based agriculture and key chal-
lenges of the agroecological transition and explain why it must
be managed at the local level. In Section 3, we analyse the
strengths and weaknesses of conceptual frameworks of farm-
ing, social-ecological and socio-technical systems to structure
analysis when implementing the agroecological transition. We
present an integrative analytical framework that connects and
enriches the previous three frameworks and describes the na-
ture of the local (territorial) system concerned by this agroeco-
logical transition. In Section 4, we present a participatory
methodology that uses this conceptual framework to support
stakeholders designing the agroecological transition at the lo-
cal level. In Section 5, we conclude by examining key issues
for researchers and stakeholders when implementing our
Table 1 Features of the two paradigms of ecological modernisation of agriculture that represent the two extremes of a continuum
Feature Efficiency/substitution-based agriculture Biodiversity-based agriculture
Main aim Reducing negative environmental impact; “ecological
intensification” of agriculture
Producing ecosystem services for conserving resources;
“ecologically intensive agriculture”
Paradigms In continuity with the productivist agriculture paradigm:
bio-economy and economy of scale
Breaks with the productivist agriculture paradigm: eco-
economy and economy of scope
Agriculture is considered as a separate and independent sector Agriculture is considered as highly interdependent and
integrated in the local human, cultural and ecological
rural system
Environment is considered through concerns about resource
scarcity, waste and pollution
Environment is considered through its natural and cultural
dimension (e.g., craftsmanship, stewardship, farming style)
Competitiveness is in the global market Competitiveness through sustainability and valorisation of
natural resources
Innovation nature Generic techno-science solutions (“one-size-fits-all”) to
improve efficiency of inputs based on genetics, organic
inputs, mechanisation, precision farming and recycling
(industrial ecology)
Place- and space-based diversified practices and farming
systems based on ad hoc spatial and temporal “planned”
and “associated” biodiversity and local knowledge systems
Public policy Top-down steering and regulation Adaptive governance based on local stakeholder participation
and facilitating local network/consortia development,
knowledge sharing and collaboration
Analysis from the angle
of farming systems
Standardised practices and specialised farming systems with
a small number of crops based on use of external inputs;
linear top-down transfer of standardised technologies
Place- and space-based farming practices and systems based
on agroecological principles, with diversified crop or
livestock interactions, allowing greatly reduced use of
external inputs; farm practices also defined according to
objectives at the landscape level; collaborative innovation
Analysis from the angle
of social-ecological
systems
Farming systems consume many natural resources (NR);
decoupled management of agricultural systems and NR
leading to conflicts between agriculture and other resource
users and protectors of the environment (including
institutions)
Farming systems manage natural resources (NR); adaptive
governance and management of NR including “associated”
biodiversity for improving biological regulation at the
landscape level
Analysis from the angle
of socio-technical
systems
Globalised and export- and component-based market;
industrialisation; private and public food safety regulations
and globalised standards creating lock-ins (e.g. regulatory
barriers) to place-based products; highly sensitive to
exogenous changes; power concentrated in large retailers;
“free-trade”
Local-scale food system based on “tight feedback loops”
linking producers, consumers and ecological effects,
resilient to exogenous changes, with high sovereignty and
autonomy; power in local agri-food networks allowing
creation of space for agents to build alternative production
(promotion of niches); “fair trade” and production of
regional specialities
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methodology and offer suggestions for further research.
Throughout the text, efficiency/substitution and biodiversity-
based agricultures are compared to highlight the changes nec-
essary to implement the latter.
2 Biodiversity-based agriculture: foundations
and challenges
2.1 Foundations of biodiversity-based agriculture
Biodiversity-based agriculture seeks to develop diversity in
cultivated species and genotypes at multiple spatial and tem-
poral levels to favour functional complementarities in re-
source use and biological regulation (Caron et al. 2014; Duru
et al. 2015; Kremen et al. 2012; Ostergard et al. 2001). This
“planned” diversity and the landscape-matrix heterogeneity
promotes the beneficial “associated” diversity (Altieri 1999;
Duru et al. 2015; Kassam et al. 2012; Power 2010). These
three forms of biodiversity determine the levels at which eco-
system services are provided to the agroecosystem (e.g. soil
fertility, pollination, biological regulations) and to society,
whether marketed (plant and animal production) or non-
marketed (carbon storage, control of the water cycle) (Zhang
et al. 2007). The level of agroecosystem’s internal regulations
depends on maintaining biological diversity and thus the in-
tegrity of agroecosystems (Drinkwater 2009; Koohafkan et al.
2011). Accordingly, when implementing biodiversity-based
agriculture, the challenge for farmers lies in designing,
implementing and managing consistently diversified cropping
and farming systems and landscape structures that promote
high levels of ecosystem services.
Such changes in agricultural practices and increased diver-
sity in agricultural production involve multiple and interde-
pendent adaptations to managing the whole agroecosystem
(Caron et al. 2014; Lin 2011). Here, like other authors, we
consider an agroecosystem to be composed of an ecosystem
managed with the intention of producing, distributing and
consuming food, fuel and fibre and of the resources, infra-
structure, markets, institutions and people involved in these
functions. It thus “encompasses all the complexity a social-
ecological system can have” (Cabell and Oelofse 2012;
Koohafkan et al. 2011; Marsden 2012; Pretty 2008).
Biggs et al. (2012), through their thorough review of sci-
entific literature and expert knowledge about conditions that
increase production and resilience of ecosystem services,
identify three properties of the social-ecological system to
manage and four principles for its governance. The three key
properties are diversity-redundancy, connectivity and state of
slow variables.
& Diversity (taxonomic and functional) of biological (e.g.
genes, species, ecosystems, spatial heterogeneity) and so-
cial (e.g. individual, social groups, networks, institutions)
entities and their levels of redundancy define the potential
for ecosystem services provision and adaptation. Func-
tional redundancy determines the degree to which replac-
ing one set of components with another can meet a bio-
logical or social function. Even though diversity and re-
dundancy are required to provide ecosystem services, a
threshold exists above which diversity can lead to a sys-
tem whose functioning is cumbersome, complicated and
less efficient and has low adaptation capacity.
& Connectivity between biophysical entities as well as social
entities determines circulation of materials, energies and
information and thus the system’s performance. Toomuch
connectivity can favour massive propagation of initially
local perturbations or individualist behaviour harmful to
the system. For the biophysical dimension of
agroecosystems, connectivity mainly describes the spatial
relationships between landscape elements (e.g. patches).
They determine species dispersion abilities between hab-
itats (Tscharntke et al. 2005). For the social dimension,
connectivity encompasses the multiple dimensions of so-
cial networks.
Fig. 1 Developing a a diversified cropping system, b farming system
and c landscape that strongly increase provision of ecosystem services
requires adaptation in supply chains or in local natural resource
management. a Intercropping can be problematic for separating grains
of cultivated species at harvest or in the factory; this logistical problem
limits adoption of such cropping systems. b Agroforestry, based on
growing woody vegetation within and/or around fields, requires specific
management practices and materials; its development can require using
local processing chains for wood-based products. c Hedgerows in an
agricultural landscape can help limit soil erosion, improve water quality,
and provide habitats for natural pest enemies and pollinators. It is
estimated that nearly 70 % of the 2 million km of hedgerows likely
present in France in the early twentieth century have been destroyed.
Coordination among stakeholders is necessary to ensure development
of landscapes adapted to deliver expected ecosystem services, such as
biological regulation and water provision
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& The state of slow variables (e.g. soil organic matter, water
resources, management agencies, social values) deter-
mines dynamics of fast variables (e.g. field management,
water withdrawals, authorisation to access resources) in
complex systems. The manner of middle- or long-term
management of slow variables thus determines day-to-
day, year-to-year and long-term system functioning.
Four governance principles may favour adapted manage-
ment of these three system properties:
& Understand the social-ecological system as a “complex
adaptive system” characterised by emergent and non-
linear behaviour, a high capacity for self-organisation
and adaptation based on past experiences, distributed con-
trol and ontological uncertainties linked to incomplete
knowledge of managers. Such envisioning of the system
to manage may help stakeholders to consider adaptive
governance and management (next section) as structurally
necessary.
& Encourage learning and experimentation as a process for
acquiring new knowledge, behaviour, skills, values or
preferences at the individual or collective levels, which
ultimately determines decisions and actions in situations
of uncertainty and thus methods for managing the system.
Experimentation, particularly within the framework of
adaptive management, is a powerful tool for generating
such learning.
& Develop participation: the participation of stakeholders in
governance and management processes facilitates collec-
tive action, as does the relevance, transparency, legitimacy
and, ultimately, acceptability of social organisations, deci-
sions and actions. It also allows actors to respond more
quickly to internal or external changes and promotes con-
struction of shared representations and strategies.
& Promote polycentric subsystems of governance that struc-
ture debate and decision-making among different types of
stakeholders, at different levels of organisation, and in
different forms (e.g. bureaucratic, collective, associative,
informal). The basic principle of polycentric governance
is to organise governance systems at the spatial scale at
which the problems to manage, or objectives to achieve,
emerge. This can increase the system’s ability to produce
the expected ecosystem services as well as its flexibility
and responsiveness. This organisation promotes
organisational diversity, redundancy and connectivity of
decision and action centres.
2.2 Challenges of the transition to biodiversity-based
agriculture and its design
Key challenges at different levels arise when applying the
above principles to promote development of biodiversity-
based agriculture. At the farm level, diversified cropping
and farming systems that increase provision of ecosystem
services must be strongly adapted to a wide diversity of
production situations (soil-climate-biodiversity at field
and landscape levels, constraints of natural resource man-
agement). In other words, they must be site-, space- and
time-specific (Caporali 2011; Caron et al. 2014; Duru
et al. 2015; Douthwaite et al. 2002; Godfray et al. 2010;
Koohafkan et al. 2011; Power 2010). Uncertainties about
the nature and performances of agroecological practices in
each farming system, even within each production situa-
tion of farming systems, may lead to strong risk aversion
by farmers (Fig. 1a, b). To support farmers in reducing
and managing these uncertainties, complementary re-
search is required to fill in the gap between generic sci-
entific knowledge and local knowledge. This need renews
the way researchers can contribute to locally adapted ag-
ricultural innovations (Caron et al. 2014; Duru et al.
2015).
At the landscape level, natural resource management, e.g.
management of the landscape structure to promote beneficial
associated diversity (Fig. 1c), requires coordination between
stakeholders with different interests and adapted institutions
(Brewer and Goodell 2010; Caron et al. 2014; Darnhofer
2015; Duru et al. 2015). The need to anticipate and manage
cascade effects between organisational levels makes these
landscape-level practices complex to implement (Duru et al.
2015; Galloway et al. 2008; Walker and Meyers 2004).
At the supply chain level, development of new farming
systems based on crop and animal diversity (e.g. crop
associations or intercropping, multi-animal species and
breeds) and a decrease in farming system inputs may
cause economic, technological and organisational prob-
lems for supply chains, particularly during collection, pro-
cessing and marketing phases (Fig. 1a; Fares et al. 2011).
Furthermore, developing the four principles of gover-
nance suggested by Biggs et al. (2012) may require pro-
found changes in local institutions, i.e. rules of the social
game, such as formal rules (including public policies),
informal agreements and ways of doing things that struc-
ture human interactions and activity (North 2005 in
Darnhofer 2015). Fostering biodiversity-based agriculture
will require dealing better with the intricacy between ag-
riculture and local socio-economical dynamics (Caron
et al. 2014; Marsden 2012). Accordingly, to develop
biodiversity-based agriculture, innovations cannot be only
technological and technical, but also must be social, eco-
nomic and institutional. They cannot exist only at the
farm level but also at the levels of local supply chains
and natural resource management institutions. Thus,
implementing the agroecological transition requires con-
sidering and integrating interconnected processes and
organisational levels in ecological systems, for example,
from populations and communities to the landscape
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(Rabbinge and de Wit 1989), as well as in entire human-
technology-environment (or social-ecological) systems
(Pahl-Wostl et al. 2010).
Due to the nature and level of necessary changes, the de-
velopment of biodiversity-based agriculture cannot resort to
simple incremental agronomic innovations such as increasing
the efficiency of production factors. It requires extensive re-
definition of agricultural performances leading to break-
through (radical) innovations and extensive redesign of the
agroecosystem (Caron et al. 2014; Duru et al. 2015; Hill
1998; Meynard et al. 2012). To meet the challenge of devel-
oping an agroecosystem adapted to and interconnected with
the local ecological, socio-economical and institutional sys-
tems, the process of innovation must be conducted in a “local
agricultural system of innovation” including a network of
interacting institutions, businesses and individuals (Klerkx
and Leeuwis 2008). This “territorial” implementation of the
innovation process is also necessary for it to be legitimate to
the social and cultural networks’ values and traditions (Caron
et al. 2014; Darnhofer 2015).
As efficiency-substitution agriculture is strongly supported
by current institutions and dominant socio-technical regimes
(next section), biodiversity-based agriculture has few oppor-
tunities to develop strongly through emergent transition, i.e.
not planned and managed (Darnhofer 2015; Horlings and
Marsden 2011; Kremen and Miles 2012; Levidow et al.
2012a, b; Vanloqueren and Baret 2009). Accordingly, if stake-
holders seek to develop this form of agriculture at the local
level, they may have to develop “transition management”, i.e.
a process of governance that seeks to steer or modulate the
dynamics of transitions through interactive and iterative pro-
cesses among networks of stakeholders (Darnhofer 2015;
Foxon 2011; Foxon et al. 2009). The challenge is then to
manage a “purposive transition”, i.e. “deliberately intended
and pursued…to reflect an explicit set of societal expectations
or interests” (Geels and Schot 2007). A key element of this
process is the “transition arena”: a relatively small group of
innovation-oriented stakeholders that reached consensus
about the need and opportunity for systemic changes and en-
gage in a process of social learning about future possibilities
and opportunities (Foxon et al. 2009). Here, mutual under-
standing and collective development of shared goals and vi-
sions of the expected future and potential pathways to reach it
are particularly at stake (Kemp and Rotmans 2005 in
Darnhofer 2015; Loorbach 2010). Transition management is
seen as a form of participatory policy-making based on com-
plex systems thinking (Foxon et al. 2009). In agriculture, the
term “transition” is used to indicate a reconfiguration of activ-
ities within the farm (Wilson 2008; Lamine 2011) but also as a
radical change in agriculture or sub-sectors most often at na-
tional or higher levels and, more recently, at local to regional
levels. Such transitions may take place in a middle- to long-
term time span (Darnhofer 2015). When dealing with
agroecological transitions, the challenge is then to design
multi-domain andmulti-level and middle- to long-term chang-
es in local agriculture.
One of the great challenges for research is to develop op-
erational knowledge that supports stakeholders in structuring
the design of an agroecological transition from productivist or
efficiency/substitution-based to biodiversity-based agriculture
at the local level. This knowledge should enable the develop-
ment of capacities of local heterogeneous stakeholders for
designing and steering such transitions (Caron et al. 2014;
Darnhofer 2015; Duru et al. 2015).
To reach this objective, research should develop transdis-
ciplinary and multi-stakeholder approaches integrating
contextualised scientific knowledge and local knowledge to
analyse the current organisation of local agriculture and to
design the one that is anticipated (Caron et al. 2014; Darnhofer
2015). To participate in this scientific challenge, this paper
proposes both an integrative conceptual framework that al-
lows stakeholders to analyse the multi-dimensional character-
istics and issues of local agriculture (Section 3) and a partici-
patory methodology to support local stakeholders in designing
a local agroecological transition and its governance
(Section 4).
3 An integrative analytical framework for analysing
agriculture at the local level
3.1 Strengths and weaknesses of three existing analytical
frameworks
Considering the key challenges of the agroecological tran-
sition presented above, we identified three conceptual
frameworks that consider the organisational levels and
domains in which the necessary changes must occur: (i)
the farming system framework, to structure analysis of the
organisation and dynamics of farm production systems;
(ii) the social-ecological system framework, to analyse
natural resource management; and (iii) the socio-
technical system framework, to analyse the dynamics of
agricultural innovations. In this subsection, we present the
main characteristics of these three frameworks and iden-
tify their shortcomings in dealing with agroecological
transition issues.
3.1.1 Farming systems and associated innovation systems
In recent decades, many analytical approaches of farming sys-
tems were developed (Darnhofer et al. 2012). Approaches of
Hendrickson et al. (2008) and Darnhofer et al. (2010) describe
well the two polar forms of farming systems that implement
efficiency/substitution-based and biodiversity-based agricul-
ture according to the number and level of integration of
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production subsystems as well as their performance levels and
capacities to adapt to changes in contexts or objectives.
Most farming systems with production-oriented agriculture
that implement efficiency/substitution-based practices are
specialised and tend to have few crops and pre-planned man-
agement, which in some situations generates environmental
issues (e.g. erosion, nitrate leaching, high pesticide use). Their
dynamics are based on genetically improved plants and ani-
mals and the acquisition of high-performance equipment (ma-
chinery, buildings). Innovation on such farms is mostly linear
and top-down, from research to farmers. This type of innova-
tion process, most popular in the 1960s, is still adapted to the
linear transfer of standardised technologies such as precision
agriculture or the implementation of genetically modified or-
ganisms (Table 1). In contrast, production systems that imple-
ment biodiversity-based agriculture are based on multiple
crops and/or enterprises that interact dynamically in space
and time (e.g. crop diversification, crop-livestock interaction).
It allows them to benefit from multiple synergies made possi-
ble by interactions between components (Sanderson et al.
2013). Their high level of diversity can reduce impacts of
variability in prices or climate (Darnhofer et al. 2010). These
production systems are managed dynamically by performing
annual or seasonal adjustments to make best use of the oppor-
tunities that present themselves. They are based on activities
that (i) exploit the existing potential of the farming system to
adjust efficiently to short-term objectives and hazards and (ii)
provide the ability to respond to new opportunities in the
middle and long terms. This mode of management allows
systems to adapt more easily to a constantly changing envi-
ronment. Innovation on such farms is generally collaborative
(Klerkx et al. 2012). It is based on coordinated networks of
stakeholders that seek to co-produce knowledge and technol-
ogies, possibly assisted by participatory and transdisciplinary
research (Knickel et al. 2009).
Due to the central focus on the farm level, analytical frame-
works of farming systems have two main limits in dealing
with agroecological transition issues. First, in most analyses,
the social system considered is often reduced to farmers and
sometimes their direct advisors, so that social interactions be-
tween the farmer and other stakeholders of natural resource
management or supply chains are generally not considered, or
if they are, it is disconnected from ecological processes that
sustain management practices (Lamine et al. 2012). Second,
interactions among farming systems, the landscape matrix and
natural resourcemanagement are barely assessed (Benoît et al.
2012).
3.1.2 Social-ecological systems
The management of natural resources at the local level (e.g.
landscape or watershed) implies a social system composed of
users, managers and governance institutions using
technologies and infrastructures to manage artificial and nat-
ural resources, as well as a complex ecological system gener-
ating these natural resources. Conceptual frameworks pro-
duced to analyse or model such social-ecological systems
(Anderies et al. 2004; Ostrom 2009; Sibertin-Blanc et al.
2011) allow the complexity of social, ecological and social-
ecological interactions occurring in these systems to be
encompassed. Analysing the dynamics of these complex sys-
tems is based on the concepts of resilience, adaptation and
transformation of system structure and/or functions (Folke
et al. 2002, 2011; Folke 2006; Holling 2001; Walker et al.
2006). In many situations, natural resource management prob-
lems are associated with a failure in governance (Table 1).
This failure is often linked to underestimating the changing
nature and complexity of the social-ecological system con-
cerned (Folke et al. 2011; Pahl-Wostl 2009; Pahl-Wostl et al.
2010). The challenge is therefore twofold. On the one hand, it
consists of strengthening the adaptive capacities of gover-
nance systems, i.e. their ability to change their modes of action
and, if necessary, to implement structural modifications to best
address past or expected environmental or social changes.
Analytical and methodological frameworks developed thus
provide a support for analysing existing governance systems
and for leading the transition to “adaptive governance sys-
tems” (e.g. Pahl-Wostl et al. 2010). On the other hand, it con-
sists of implementing “adaptive management” that aims for
continual improvement in policies and practices for manage-
ment of natural resources. This management strategy is based
on structured learning about the effects of management strat-
egies throughout their implementation (Pahl-Wostl 2009). It is
an adaptive, deliberate and iterative decision-making process
whose objective is to consider and address (i) uncertainties in
the functioning of ecological systems and effects of manage-
ment practices, (ii) imperfections and limits in detecting vari-
ations in the state of the environment under the effect of eco-
logical processes or management actions, (iii) the impossibil-
ity of controlling and monitoring all management actions
within the social-ecological system and (iv) the intrinsically
unpredictable character of certain ecological processes (Wil-
liams 2011). This adaptive management practice is often as-
sociated with social learning objectives: mutual understand-
ing, viewpoint sharing, collective development of new adap-
tive management strategies for resources and establishment of
“communities of practice” (Armitage et al. 2008; Newig et al.
2008; Pahl-Wostl and Hare 2004). Social-ecological system
and adaptivemanagement frameworks are particularly applied
to deal with natural resource management problems (e.g. wa-
ter: Pahl-Wostl 2007) or to collectively address environmental
sustainability issues (e.g. erosion: Souchère et al. 2010; nitro-
gen emissions: Toderi et al. 2007). In most of these situations,
they are used at the local level to support analysis or to (co-)-
design solutions for reducing the investigated problems. The
social-ecological framework was also developed to analyse
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formal rules and informal agreements used by actors for nat-
ural resource management and their consequences on sustain-
ability management issues (Ostrom 2005). It was adapted to
deal with agroecosystem issues in which economic and social
structures depend greatly on agricultural activities (e.g.
Schouten et al. 2012). Beyond its many assets, it has weak-
nesses when dealing with agroecological transition issues.
Mainly, it was not developed to account for (i) agronomic
and organisational reasoning and constraints in farming sys-
tems or (ii) necessary changes in agricultural supply chains.
3.1.3 Socio-technical systems
The dynamics of technological innovations and ways of pro-
ducing goods within economic sectors or supply chains are
considered as the result of interactions among three levels of
organisation: production niche, socio-technical regime and the
landscape (Geels 2002). The former corresponds to formal
and informal networks of actors in which radical innovations
emerge and are nursed. Socio-technical regimes are relatively
stable configurations of institutions, techniques and artefacts,
as well as regulations, standards and norms of production,
practices and actor networks. They support the evolution of
the dominant forms of production. The “landscape”, or global
context, is the set of factors that frame interactions among
actors, such as cultural values, political institutions and envi-
ronmental problems. The socio-technical system integrates
these three levels. Its dynamics are addressed by analysing
the nurturing of new technologies into niches and
transforming of the dominant socio-technical regimes under
the pressure of niche developments, niche incentives and reg-
ulatory changes coming from the “landscape” (Geels 2002,
2005; Smith and Stirling 2010).
Currently in agriculture, the dominant socio-technical re-
gime corresponds to models of historical production-oriented
agriculture and its modernisation through the efficiency/
substitution-based approach. Key resources of the dominant
regimes, such as infrastructure, production norms and stan-
dards and main market institutions, are historically adapted
to support these forms of agricultural production. This system
is dominant due its ability to create technological,
organisational and institutional lock-ins that ensure its persis-
tence (Arthur 1989; David and Arthur 1985). The niches are
alternative production models of varying structure, which co-
exist in a complementary or competitive manner. This is the
case of models promoted by groups of farmers who defend
alternative production methods or a specific ideology (e.g.
Diaz et al. 2013), which can be associated with biodiversity-
based agriculture experiences.
This framework favours identifying learning-by-doing
constraints and farmers’ risk aversion to adopting innovations
(Blazy et al. 2011; Cowan and Gunby 1996), supply-chain
lock-in effects (Fares et al. 2011; Lamine et al. 2012), public
policy effects on variety selection and training and extension
services to farmers (Vanloqueren and Baret 2009). It provides
an analytical framework for determining ways to strengthen
regimes when they are threatened or for identifying the obsta-
cles that prevent regime change, even though obvious
underperformance is observed (Schiere et al. 2012). It also
represents a useful framework for identifying emergence and
stabilisation conditions for niches or their access to the status
of a regime (Geels 2010). In other words, it helps analyse how
alternatives to the dominant socio-technical regimes may de-
velop. However, when dealing with agroecological transition
issues, it, like the social-ecological framework, does not ac-
count for (i) agronomic and organisational reasoning and con-
straints within farming systems or (ii) issues and constraints
linked to local natural resource management. Furthermore,
although the dynamics of niches are considered, in most
socio-technical approaches, their governance is not analysed
in depth.
3.2 An integrative analytical framework of the local
agriculture
As seen above, one of the challenges of managing the agro-
ecological transition is to design, in an integrated manner,
technological, organisational and institutional (the rules of
the social game) changes within farming systems, supply
chains and natural resource management at the local level.
As shown, considering each of the three frameworks present-
ed above separately (Fig. 2a) does not deal with or support the
design of necessary multi-domain and multi-level changes.
The integrative conceptual framework presented below aims
to structure analysis of the nature of the complex (adaptive)
system concerned by the agroecological transition: local agri-
culture (Section 2.2). We developed this framework by
hybridising and extending all three frameworks presented
above, considering their strengths and weaknesses (Fig. 2).
This hybridisation was guided by previous attempts: Smith
and Stirling (2010) hybridised social-ecological and socio-
technical approaches, and Darnhofer et al. (2010) hybridised
farming systems and social-ecological approaches.
Given that in each of the three frameworks the system is
considered to be composed of two main types of components,
stakeholders and resources, we first conceptualise local agri-
culture as a complex system of interactions between them.
After presenting the characteristics of the social system and
its resources, we examine stakeholder’s strategies and
technologies for managing these resources and address
the nature of interactions among the stakeholders of
local agriculture.
Importantly, we consider that agricultural stakeholders in-
volved in the management of farms, agricultural supply chains
and natural resources are strongly interconnected. We concep-
tualise local agriculture as an entire system of actors (the social
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system) managing material resources of the farming systems,
supply chains and natural resource management (Fig. 2b, top).
Each stakeholder can be involved in only one of these man-
agement process types or, likemany farmers, in two or three of
them (Fig. 2b, top). In social-ecological and socio-technical
systems approaches, the social system is recognised as a key
factor. In the analysis of social-ecological systems, emphasis
is placed on users of natural resources and governance orga-
nisations that regulate the use of natural resources. In the anal-
ysis of socio-technical systems in the agricultural domain, it is
instead an issue of coordinating production and marketing
systems within supply chains. In farming systems, the farmer
represents the social dimension (ten Napel et al. 2011), but he/
she is rarely considered as a socialised actor whose behaviour
is determined by his/her social interactions. Here, we claim
that the farmer, like all other actors, takes part in the social
game and that his/her behaviour depends on the outcome of
this social game (Greenberg 1990; Klerkx and Leeuwis 2008;
Vanclay 2004). Actors involved in agricultural teaching, ad-
vising, development and research also take part in this social
system; for example, this includes agricultural advisory ser-
vices and agricultural development associations. Stake-
holders’ actions depend on their cognitive resources. They
are intangible assets that correspond to knowledge (or beliefs),
values, objectives (or desires), strategies (or intentions) and
informal social agreements.
Management strategies of farms, agricultural supply chains
and natural resources at the local level aim to conserve/restore/
protect or produce/develop certain material resources. Consid-
ering the three key systems at hand, we distinguish three main
systems of material resources (Fig. 2, bottom): (i) material
resources of the farming system used by the farmer for agri-
cultural activities; (ii) material resources used by stakeholders
of the supply chain mainly for collecting, processing and
Fig. 2 From domain-based analytical frameworks to an integrated
framework developed to structure analysis of local agriculture and
design the agroecological transition at the local level. (a) Three key
conceptual frameworks developed to analyse characteristics and
dynamics of farming, social-ecological and socio-technical systems.
When applied to agricultural issues, even though domains considered
by these frameworks overlap, they focus on different system entities
and dynamics: farm resource management, dynamics of technologies in
supply chains and natural resource management. These three domains
must be designed and managed as a whole to support development of a
biodiversity-based agriculture. (b) Local agriculture as a system of actors
managing three types of material resource systems through information
technologies. The system of actors consists of farmers and other actors
involved in supply chains and management of natural resources, with
cognitive resources (e.g. beliefs, values, individual strategies) and
whose behaviour is determined by informal norms and agreements
(another type of cognitive resource) and formal rules. These actors
manage material resources of farming systems (e.g. water, soil,
biodiversity, infrastructure, material, formal rules, workforce), supply
chains (e.g. products, infrastructure, human and financial resources,
production standards and contracts, other formal rules) and natural
resource management (e.g. water, soil, biodiversity, landscape,
infrastructure, material, formal rules). Actors involved in agricultural
teaching, advising, development and research also are part of this social
system. The tetrahedron reflects that local agricultural development
depends on interactions between its four dimensions. Each edge of the
tetrahedron (double arrows) corresponds to a diversity of information
technologies used to manage material resources and concrete
management processes within a variety of farming systems, supply
chains and natural resource management institutions. Dotted lines
connecting the three material resource systems indicate that they are
strongly connected and even interact
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marketing activities; and (iii) natural and artificial material
resources involved in the management of the natural resources
of local agriculture. We speak about the “system” of material
resources as their components interact or are interconnected,
such as:
(i) In the farming system: fields, planned biodiversity
(crops, domestic animals), associated biodiversity, ma-
chinery, buildings, water resources and labour for the
material resources of farming systems
(ii) In the supply chain: transportation, storage and process-
ing equipment and roads for the material resources of
supply chains
(iii) In natural resource management: water, soil and biodi-
versity (including associated) resources, landscape com-
ponents (e.g. hedgerows, forests) and infrastructure (e.g.
irrigation canals)
Formal rules (e.g. laws, regulations, contracts, public poli-
cies) negotiated locally or at higher levels, written on a phys-
ical medium (even a digital one) and used as a legal reference
are included in these three material resource systems. They are
part of the structure of local agriculture (North 2005 in
Darnhofer 2015). They aim to regulate, define, finance or
promote production methods within farms,1 economic inter-
actions between actors or production methods and agricultural
products within supply chains,2 and interactions between ac-
tors and natural resources (e.g. water laws). They also aim to
organise the operating modes of formal organisations (e.g.
farm, business, cooperative, public institution, association,
formal arena for discussion). The three systems of material
resources are interdependent, if not hierarchically nested. This
interdependence can be direct or indirect. For example, irriga-
tion water for the farm system is part of the systemmanaged at
the catchment level, and agricultural products from farms are
collected, processed and marketed by supply chains.
It is important to emphasise that we consider material re-
sources as social constructs and not as intrinsic characteristics
of biophysical objects that become resources for actors. The
dimensions and properties that qualify a biophysical object as
a resource depend directly on the management process con-
sidered. For example, the economic value and technological
properties of the “wheat grain” resource for a farmer are not
necessarily the same as those for other actors in the supply
chain. The same kind of example could be applied to distin-
guish water resources managed for irrigation within farms and
water resources managed by water managers acting at the
catchment level.
Management strategies of farms, agricultural supply chains
and natural resources are based on, and determined by, infor-
mation technologies used to decide when and how to act upon
the resource system concerned. Here, “information technolo-
gy” is used in the general sense as “any kind of decision aid,
whether or not computer-based, and whether the problem it
purports to address is more or less well structured” (Cox 1996;
Walker 2002). The nature of information technologies used
and their application methods are determined by cognitive
resources (e.g. assumptions, expectations and knowledge
about information technology, procedural knowledge) and
the governance structures that implement them (Cash et al.
2003; Jakku and Thorburn 2010). Information technologies
(Fig. 2b, arrows linking the system of actors to the three ma-
terial resource systems) determine the methods that character-
ise resources, the knowledge actors have about the state of
material resources over time and consequently their actions
for managing them in time and space, and finally, their ability
to meet their performance objectives.
Formal rules, considered here as material resources, define
the formal framework in which interactions among actors and
between actors and the biophysical environment are
established. Following New Institutional Economics
(Ostrom 2005, 2009; Williamson 2002) and the Sociology
of Organised Action3 (Crozier and Friedberg 1977), we con-
sider that these formal rules do not completely determine the
behaviour of actors. Equipped with bounded rationality, actors
have a certain degree of freedom and autonomy in their
choices and actions. Like the Sociology of Organised Action,
we emphasise that the boundaries between organisations are
not impermeable. Particularly in agriculture, the boundaries of
the system of actors are often difficult to identify. Actors may
be involved in many interdependent organisations. For exam-
ple, a farmer may belong to management-oriented agricultural
groups (e.g. farmer associations to share equipment), to natu-
ral resource management groups (e.g. local water manage-
ment committee) and to one or more cooperatives and supply
chains (Fig. 2, top). Also, rather than examining organisations
themselves, we consider it necessary to analyse relationships
between individuals to understand the system of actors and
1 For example, agricultural policies, agro-environmental mea-
sures for material resources.
2 For example, production standards for material resources of
supply chains, laws and regulations of the global socio-
technical context.
3 Both approaches focus on the central problem of cooperation
between actors. However, they have their own conceptual and
methodological frameworks for analysing social relationships.
In Institutional Economics, the focus is more on "transactional
costs”, i.e. the economic aspects of relationships, such as con-
tractual hazards and asset specificity. In contrast, in the Soci-
ology of Organised Action, the focus is on the nature of ex-
changes between actors and on power issues. Both approaches
are complementary since they shed light on different aspects
of social relationships.
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how individual actions produce, by “aggregation effects”, a
specific social order. This type of analysis helps determine the
nature of exchanges between actors, i.e. informal norms and
agreements that constitute powerful mechanisms for fulfilling
agreements (Crozier and Friedberg 1977; Ostrom 2005, 2009;
Williamson 2002). These informal norms and agreements are
defined as cognitive resources. They can take the form of
norms of behaviour representing specific and sometimes sig-
nificant adaptation of formal rules.
This integrated representation of the complex adaptive sys-
tem that is local agriculture (Fig. 2) sheds light on (i) the
central role of the system of actors and the social game, (ii)
the three main types of material resources managed by the
system’s actors and (iii) the role of information technologies
at the interface between actors and material resources. At the
local level, a wide diversity of farming systems and several
supply chains co-exist, as well as different management strat-
egies of natural resources. Accordingly, each edge of the tet-
rahedron in Fig. 2b corresponds to a wide diversity of concrete
management strategies. Accordingly, Fig. 2b corresponds to a
figurative, general and simplified representation of the con-
ceptual framework presented in this section.
3.3 A local polycentric system of actors for promoting
biodiversity-based agriculture
Productivist and efficiency/substitution-based agricultures are
the current dominant regimes in developed countries
(Levidow et al. 2012a, b). At the local level, they take the
shape of many juxtaposed specialised farming systems em-
bedded mostly within medium- to large-scale supply chains.
Most exchanges between farming systems are performed via
the market, at regional, national or international levels. In
contrast, biodiversity-based agriculture is based on local inter-
actions between farms seeking to develop adequate spatial
distribution of agricultural and non-agricultural land use in
the landscape fostering the ecosystem services. Locally, if
developed, this form of agriculture takes the shape of a diver-
sity of connected place- and space-based farming systems,
adapted supply chains and organisations for collective man-
agement of natural resources in agriculture (e.g. water, crop
patterns, semi-natural habitats). This local instance of
biodiversity-based agriculture is called hereafter “territorial
biodiversity-based agriculture”.
Farming systems implementing biodiversity-based agricul-
ture already exist in a strong minority in intensive agricultural
areas (e.g. conservation agriculture- and agroforestry-based
farming systems). They are usually geographically isolated
but often highly interconnected via local, regional and nation-
al innovation networks (e.g. Moore 2011). They form niches
with varying degrees of structure that often have little ex-
change with farming systems of the dominant regimes. The
challenge of the agroecological transition, i.e. the
development of territorial biodiversity-based agriculture, is
to do an “about-face”, i.e. to become the, or one of the, locally
dominant forms of agriculture. Efficiency/substitution-based
farming systems may persist locally but at a level that does not
disturb biological regulations and social coordination. A key
challenge is thus to organise and support local-level interac-
tions between agricultural systems to take advantage of their
complementarities, whether biophysical (e.g. best use of dif-
fering pedoclimatic characteristics and/or access to certain
natural resources) and/or of their productions (e.g. crop-
livestock interactions at the local level) (for examples see Mo-
raine et al. 2014). As described in Section 2, this organisation
of interactions between agricultural systems should be based
on polycentric governance of diversity and connectivity. It
may enable developing an economy of scope, also called an
economy of diversity, which fosters the resilience, robustness
and sovereignty of local agriculture in the face of external
changes. Here, “sovereignty” refers to the right of people to
healthy and culturally appropriate food, produced through
ecologically sound and sustainable methods (Holt-Giménez
and Altieri 2013). Organisation of interactions within and be-
tween agricultural systems should explicitly manage biophys-
ical and social (institutions) slow variables to reach both the
expected short- and long-term functioning of this form of ag-
riculture. Carlisle (2014) highlights the importance of diversi-
ty at multiple relational scales in such local resilient
agricultures.
4 A methodological framework for designing
the agroecological transition of agriculture
4.1 The agroecological transition: a co-innovation process
The conceptual framework presented above leads us to con-
sider the development of territorial biodiversity-based agricul-
ture as an innovation process, based on interactions between
actors involved in the management of farms, supply chains
and natural resources at the local level. As such, like Klerkx
et al. (2012), we consider this innovation process as a techno-
logical, social, economic and institutional co-evolution, which
is supported by diverse actors with different interests and
viewpoints but not necessarily with experience in negotiation
or the exchange of viewpoints. The innovations within local
agriculture thus result from changes as much in the function-
ing of the system of actors (e.g. informal norms and agree-
ments) as in information technologies and the range of re-
sources to be managed (e.g. planned or associated biodiversi-
ty), i.e. it concerns all components of local agriculture, as
conceptualised in the previous section.
This approach requires transdisciplinary and holistic re-
search that reconsiders agricultural systems by focusing par-
ticularly on (i) interactions between actors of farms, supply
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chains and natural resource management; (ii) infrastructures,
policies and institutions in favour of innovation; and (iii) the
local characteristics of agroecological systems, while also
considering their complexity and the incompleteness of asso-
ciated knowledge (Klerkx et al. 2012; Klerkx and Leeuwis
2008; Knickel et al. 2009).
To address the uncertainty and complexity associated with
biodiversity-based agriculture, the design process must allow
adaptivemanagement to be developed within farming systems
and supply chains (to manage annual variability in produc-
tion) and for natural resources. It is a matter of defining inno-
vative practices and agricultural systems as well as promoting
social networks for facilitating learning (Moore 2011; Warner
2008). To reach agreement among actors, it is also a matter of
designing and implementing adaptive governance in supply
chains and for natural resource management (Klerkx et al.
2012; Pahl-Wostl 2009).
4.2 A participatory methodology for designing
the agroecological transition of agriculture
The design methodology presented below aims to support
local stakeholders in designing the agroecological transition
of local agriculture. This designmethodology is intended to be
implemented in a transition arena (Section 2.2) where
innovation-oriented stakeholders (i) question the limits of
efficiency/substitution-based agriculture, (ii) would like to
know in advance which activities they would have to change
to promote biodiversity-based agriculture or (iii) would like to
nurture already implemented biodiversity-based agricultural
systems and associated innovations. The design methodology
is managed by Participatory-Design Facilitator-Scientists.
They do not necessarily have direct knowledge about the char-
acteristics and functioning of the farming systems, supply
chains and natural resource management concerned. They
do, however, have the knowledge and methodological skills
necessary to manage and facilitate the multi-actor design ap-
proach. The design process of the agroecological transition
should take shape at the intersection of a local intention to
change agriculture and the intention to perform research to
manage a collective-design process. Here research takes the
form of “research-oriented partnerships” or an “intervention-
research” approach and is part of “Sciences of Design”
(Hatchuel 2001). Research is in charge of developing bound-
ary objects (Jakku and Thorburn 2010) and collective action
processes enabling stakeholders to design the expected agro-
ecological transition and the required governance structures
and management strategies.
Participatory-Design Facilitator-Scientists must allow
stakeholders of the transition arena to construct a shared un-
derstanding of the current and expected future functioning of
farming systems, supply chains and natural resource manage-
ment. Therefore, they must support social learning and
establishment of communities of practices (Section 3.1.2).
They must also support integration of knowledge of stake-
holders and scientists about the functioning of local agricul-
ture. Achieving this objective requires assembling the key
innovation-oriented stakeholders of the management process-
es concerned and scientists with knowledge about the key
social, biotechnical and ecological processes of local
agriculture.
The stakeholders of the transition arena can be initially
identified by the Participatory-Design Facilitator-Scientists
by relying on the conceptual framework presented in the pre-
vious section and a classic stakeholder analysis (Grimble and
Wellard 1997). The conceptual framework allows identifica-
tion of the key agricultural systems and domains and so stake-
holders that should be involved in the design process. Actors
involved in agricultural teaching, advising, development and
research are also concerned. Throughout the application of the
design methodology, the participants can identify new stake-
holders who should also participate in the design process. If
this occurs, the newly identified stakeholders should be inte-
grated into the design process as soon as possible (Bos et al.
2008). The multi-actor system developed by the Participatory-
Design Facilitator-Scientists must consider asymmetries in
power and relationships (e.g. knowledge, availability, hierar-
chy) between stakeholders to foster expression and consider-
ation of the interests of all stakeholders involved in the design
process (Voß et al. 2007). Grimble and Wellard (1997) and
Barnaud and Van Paassen (2013) propose strategies and
methods to address these power asymmetry issues.
Seeking to address challenges of managing the local agro-
ecological transition (Section 2.2), we developed our partici-
patory design methodology towards biodiversity-based agri-
culture by hybridising several existing methodological frame-
works. We borrowed from the framework for strategic envi-
ronmental management analysis (Mermet et al. 2005), which
“repositions every situation of environmental management in
an interpretation of the system of actors in which it is found,
and where multiple components and relations, which are tied
together in an organisation that must be clarified, emerge as
much from a social characterisation (of actors, norms, issues)
as from an ecological one (animals, plants, local environ-
ments, etc.)”. We also borrowed from “reflexive interactive
design” (Bos et al. 2008), which is dedicated to participatory
design of farming systems that explicitly considers their posi-
tions and interactions within the socio-technical system. We
integrated key elements of the “management and transition
framework” that improve scientific understanding of system
properties and give practical guidance for the implementation
of transition processes towards more adaptive systems (Pahl-
Wostl et al. 2010). We also relied on the work of Kajikawa
(2008), who analysed and synthesised the methodological
frameworks used in sustainability science. Kajikawa’s review
highlights basic components of sustainability science such as
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setting the goal (problem definition/structuring) and indicators
(estimation of the distance to the goal), forecasting (construc-
tion of scenarios/visions to deal with uncertainty in future
exogenous trends and identification of the goal) and
backcasting (definition of pathways from the goal back to
the present status). Importantly, these are the main compo-
nents of the “transition management” framework (Rotmans
et al. 2001). As in the principles of Biggs et al. (2012), the
“management and transition framework”, the “transition man-
agement” framework and the operational model for
safeguarding ecosystem services (Cowling et al. 2008), our
methodology explicitly deals with the key issues of designing
adequate adaptive governance structures and management
strategies. In more general terms, like “transition manage-
ment”, our methodology is a process-oriented and goal-
seeking approach designed to deal with complexity and
uncertainty.
When developing our methodology, the first challenge was
to hybridise these methodological frameworks into a new one
composed of relevant steps to support local stakeholders in
designing the agroecological transition at the local level. The
second challenge was to identify which methods, most of
them participatory, to implement in these steps. We selected
methods that are well documented and were applied to many
sectors/domains, some of them in agriculture. When describ-
ing each step of the methodology in the new section, we pro-
vide references that describe the proposed method(s) and one
or more examples of application. We actively apply most of
them to a variety of agricultural issues.
4.3 A five-step methodology
Our participatory methodology is composed of five main
steps: (i) analyse the current functioning of local agriculture,
(ii) identify future exogenous changes that may determine its
future (drivers), (iii) design local organisation of the expected
territorial biodiversity-based agriculture (forecasting), (iv) de-
sign the major steps of the transition from the current situation
to this new form of local agriculture (backcasting) and (v)
design governance structures and management strategies
adapted to guide the transition (Fig. 3). The conceptual frame-
work presented in Section 3.1 is used to help participants to
structure analysis of the complex nature of the system affected
by the agroecological transition and to design the expected
new form of local agriculture. The objectives and methods
associated with these five main steps are presented below.
Step 1 consists of setting up the transition arena involved in
the design process and defining the “situation/problem”
(Mermet et al. 2005). The situation/problem corresponds to
the key management actors, called “effective management”
(Mermet et al. 2005) and “causality chains” (Kajikawa
2008) involved. It is a matter of identifying the key actors,
resources, human actions and ecological processes that have a
decisive influence on the current functioning of farming
systems, supply chains and natural resource management.
To build this situation/problem representation, we perform
two types of analysis. The first, performed by social sci-
entists, analyses the system of actors involved in local
agriculture and natural resource management, for exam-
ple, by performing strategic analysis (Crozier and
Friedberg 1977; e.g. Debril and Therond (2012) for stra-
tegic analysis of local water management situations). The
aim is to highlight the nature of exchanges between con-
sidered stakeholders and the dominated and dominant ac-
tors, the latter having a vested interest in keeping the
dominant socio-technical regime. This identifies the ac-
tors’ activities, stakes, problems and strategies and high-
lights how the social game defines local agricultural is-
sues and problems and, thus, the nature of solutions that
stakeholders envision. The second type of analysis is per-
formed through a participatory approach aiming to collec-
tively construct conceptual representations of the func-
tioning of farming systems, supply chains and natural re-
source management and their interactions. To perform this
co-construction, we use methods for collective construc-
tion of cognitive maps, such as those representing farming
system functioning (Gouttenoire et al. 2011), natural re-
source management at the local level (Etienne et al. 2008)
and social-ecological system functioning (Sibertin-Blanc
et al. 2011). The final objective of this step is to compare
the social interactions that determine the functioning of
local agriculture and natural resource management
mapped by both approaches and, ultimately, for stake-
holders and researchers to build them into a new shared
representation.
This analysis of the current situation must help stake-
holders understand (i) the diversity of farming systems,
(ii) the organisation of dominant supply chains and agri-
cultural niches in the territory (e.g. norms and production
standards, formal and informal agreements) and (iii) the
management strategies and organisations related to the
key natural resources for local agriculture. More specifi-
cally, it must help them identify socio-technical barriers
organised by the dominant agricultural regimes and natu-
ral resource management strategies that limit or foster the
emergence or development of territorial biodiversity-
based agriculture.
Step 2 consists of steering the stakeholders in the transition
arena to construct possible “future images” (scenarios) of the
context (external environment) of local agriculture (Bos et al.
2008; Kajikawa 2008). The objective is to allow stakeholders
to address uncertainty in the future external environment of
local agriculture (Walker et al. 2005). These scenarios corre-
spond to the description of different sets of levels or trends of
exogenous forces that can influence the future of local agri-
culture and natural resource management in the decades to
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come. These external forces are factors of change that the
actors involved in local agriculture cannot control (Therond
et al. 2009; Walker et al. 2002). These scenarios can integrate
information produced by forecasting exercises performed at
the supra-local level (regional, national, continental or global)
that have been broken down or disaggregated locally. They
may deal with social (e.g. demographics), economic (e.g. mar-
kets), biotechnical (e.g. available technology), political, insti-
tutional (e.g. governance) and environmental (e.g. climate)
changes (Mahmoud et al. 2009; Therond et al. 2009). To con-
struct these scenarios, we use the morphological approach of
Godet (2006), which was used to analyse the future of the
field-crop sector in the French Midi-Pyrenees region (Bergez
et al. 2011). In this step, it is important to identify and integrate
into scenarios the current and potential future characteristics
of dominant regimes in the agricultural sectors (Section 3.1)
that can act as constraints to or opportunities for the agroeco-
logical transition. The analysis of the situation/problem, and in
particular the causality chains, performed in step 1 is used in
this step to guide stakeholders in identifying exogenous
forces.
This step should allow stakeholders and researchers to
identify major exogenous changes that could modify the
functioning of (i) farming systems (e.g. climate, technol-
ogy, policies, inputs and outputs, prices, labour availabil-
ity), (ii) supply chains (e.g. technology, regulations, prices
of energy, inputs, and agricultural products; marketed ser-
vices) and (iii) natural resource management (e.g. state
and use of resources; management strategies, policies,
regulations).
Step 3 aims to allow stakeholders in the transition arena to
construct a shared vision of the organisation of territorial
biodiversity-based agriculture that would address their local
issues, both present and future, ensure a certain socio-
economic control of local agriculture by local stakeholders,
and be resilient in the face of future external changes (identi-
fied in step 2). We use the principles of Biggs et al. (2012;
Section 2.1) as founding principles in this design step of
biodiversity-based agriculture. To ensure that the development
of agriculture is anchored in local ecological, socio-technical
and social-ecological realities, stakeholders’ work is based on
iterative use and articulation of the conceptual framework pre-
sented in Section 3.1, the seven principles presented in Sec-
tion 2.1 and the results of the two previous steps. This work
can be performed with conceptual representations (e.g. texts,
conceptual diagrams, cognitive maps, images of the future)
alone or in combination with computer models (Voinov and
Bousque 2010). These models are used to predict potential
impacts of internal or external changes at the farm level (e.g.
Martin et al. 2011, Le Gal et al. 2011), farm to local levels (e.g.
Belhouchette et al. 2011) or e.g. at the catchment level for
water management (e.g. Therond et al. 2014, Murgue et al.
2015). The design of the expected territorial biodiversity-
based agriculture aims to determine the types of agroecologi-
cal production and supply chains to develop locally and how
they interact sustainably with the natural resources of the ter-
ritory (Section 3.1.2).
Step 4 allows stakeholders in the transition arena to design
the local agroecological transition from the current situa-
tion (specified in step 1) to the territorial biodiversity-
based agriculture (designed in step 3). We use backcasting
methods that help determine what should be done step-by-
step in the short and middle terms to develop the expected
form of local agriculture. They consist of defining de-
tailed transition steps, the strategies associated with each
step and the monitoring criteria (or indicators) to deter-
mine the successful completion of each step. Backcasting
methods are now well-known and widely applied
(Kajikawa 2008). We suggest, for example, using the ap-
proaches of Quist (2007) (see Vergragt and Quist (2011)
for examples of application). The main point is to define
realistic evolution strategies for the transition that will
help overcome actors’ resistance to changing the effective
management system identified in step 1. In this step,
stakeholders will also have to clearly identify the actors
responsible for steering the transition, step-by-step. It is a
matter of determining which individuals are able to em-
body the agents that will support changes in farming sys-
tems, supply chains and natural resource management.
By designing transition steps and their monitoring
criteria, stakeholders identify the changes that need to
occur to progressively build the territorial biodiversity-
based agriculture envisioned and how to monitor them.
The monitoring criteria may be indicators of adaptive
management of the agroecological transition (next sec-
tion). They should be part of information technologies
that are developed to steer the transition.
Step 5 aims to help stakeholders in the transition arena to
design adaptive governance structures and adaptive man-
agement strategies that will enable them to guide the ag-
roecological transition designed in step 4. Based on the
four attributes of the governance system proposed by
Biggs et al. (2012), Section 2.1), it consists of defining
the governance structures (i.e. multi-actor systems and
their modes of coordination) that favour adaptive manage-
ment of the agroecological transition. More precisely, the
objective is to design formal rules and informal agree-
ments that would promote the emergence and/or develop-
ment of local niches that will act as a nursery for the
agroecological transition, their coordination at the local
level and then their transformation into the envisioned
territorial biodiversity-based agriculture (designed in step
3). It also consists of designing adaptive management
strategies: the information technologies necessary to mon-
itor the practices implemented and changes in the state of
the environment, and the way to redefine actions and
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manage trade-offs between slow and fast variables (Sec-
tion 2.1). The transition steps and their monitoring criteria
identified in step 3 are the basic ingredients for designing
the necessary adaptive management strategies. In this fifth
step, the transition arena must also design connected net-
works of social learning involving farmers, their advisors
and actors in the supply-chain and natural resource man-
agement that will steer these adaptive management strat-
egies. Key issues are increasing capacity building and the
management of uncertainty, power and marginality of par-
ticipants involved in the learning process (Armitage et al.
2008). “Double-loop learning” or even “triple-loop learn-
ing” is a key challenge in such learning processes
(Armitage et al. 2008; Pahl-Wostl et al. 2010). More spe-
cifically, the challenge for farmers is to share acquired
knowledge about the effects of their practices and the
risks taken. For the management of supply chains and
natural resources, the challenge is to develop adaptive
management strategies that consider the biotechnical real-
ities of farms and ensure sustainability, sovereignty and
resilience of the local territory.
5 Methodological issues and challenges
5.1 An iterative multi-level, multi-domain and multi-actor
approach
In our participatory design methodology, each step should be
conducted in several participatory workshops to focus on one
of the three management domains of local agriculture (farm-
ing systems, supply chains and natural resource management)
and on the interactions and consistency between them. In ad-
dition, although the approach was presented in a linear man-
ner, each step raises questions about previous ones; thus, it
may be necessary to organise them in iterative cycles.
Even though the design of the transition cannot be totally
uncoupled from its implementation, one should see the former
as the initial step of an iterative and cyclical redesign process
of steps 2, 3, 4 and 5. In other words, scenarios of external
forces, design of the expected territorial biodiversity-based
agriculture, backcasting and design of the adaptive gover-
nance structures and management strategies are revised
throughout the “confrontation” of the innovation process with
Fig. 3 Participatory design methodology of “territorial biodiversity-
based agriculture” and the transition from the current situation to this
new form of agriculture. This methodology is driven by Participatory-
Design Facilitator-Scientists who manage and steer a multi-stakeholder
group (“transition arena”) that includes actors from the three management
domains (farming systems, supply chains and natural resources) and
researchers with key knowledge about the functioning of local
agriculture. This participatory methodology is composed of five steps:
(1) co-analysis of the current situation: the system of actors and their
material resources (MR); (2) co-identification of future changes
exogenous to local agriculture, which can determine its future; (3) co-
design of the expected territorial biodiversity-based agriculture; (4) co-
design of the transition (pathway) from the current situation to territorial
biodiversity-based agriculture (the reverse arrow indicates a backcasting
approach); and (5) co-design of governance structures and adaptive
management strategies enabling stakeholders to guide the transition
they designed. Each step must be performed by considering and
integrating interactions between farming systems, supply chains and
natural resource management
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actual changes in local agriculture and in its environment (ex-
ogenous driving factors).
A challenge when implementing our design methodology
is to combine “hard and soft knowledge and analysis
methods” (Pahl-Wostl 2007) and “formalised and non-
formalised modelling and communication methods” (Newig
et al. 2008) to address the complexity of the structure (static
approach) and dynamics of complex adaptive systems
(Gottschick 2008; Sinn 1998). This combination of different
methods and tools must implement a systems approach that
explicitly considers the diversity of stakeholder viewpoints
and interests, their different types of knowledge and the dif-
ferent domains involved. Throughout the design process, it
must favour the production and use of non-equivalent repre-
sentations of the (components of the) territorial biodiversity-
based agriculture produced by the different disciplines and
stakeholder groups. This combination of non-equivalent rep-
resentations is recognised as key for performing integrated
and shared analysis of complex systems (Barreteau 2003;
Giampietro 2002).
5.2 Development of useful scientific artefacts
In implementing our design methodology, one key challenge
for scientists is to provide tools for steps 3 (design of a new
form of agriculture resilient in the face of external forces) and
4 (define appropriate indicators for monitoring the transition),
either by adapting existing tools or developing new ones.
For step 3, the challenge lies in the development and use of
models that allow stakeholders to assess the extent to which
the designed farming systems, natural resource management
strategies and organisation of supply chains are resilient in the
face of the external forces identified in step 2. Agricultural
sciences are usually poorly equipped to support such integrat-
ed design methodology because they usually favour the de-
velopment of disciplinary and mechanistic models requiring
many input variables that are difficult to apply locally (due to
lack of data and a complicated calibration-validation process)
and that do not account for key constraints or processes of
investigated activities and systems. Consequently, these
models are rarely adapted for use in the framework of social
learning (Bots and Daalen 2008). When the issue is about
emergent properties from place-based interactions between
human decisions and ecological processes at the landscape
level, such as for management of spatially distributed re-
sources (e.g. water resources) and processes (e.g. biological
regulations), agent-based models are recognised as well
adapted to simulate ex ante impacts of spatially explicit man-
agement strategies (An 2012; Bots and Daalen 2008;
Bousquet and Le Page 2004; Voinov and Bousque 2010).
Besides having modelling structures suitable for representing
the dynamics at hand, they represent social-ecological system
using concepts similar to those that stakeholders usually use
and thus are relatively intuitive for stakeholders (Voinov and
Bousque 2010). Berkel and Verburg (2012) used an agent-
based model to help design participatory policy for a multi-
functional landscape in combination with exploratory scenar-
ios and participatory backcasting approaches. When the issue
is limited to the design of farming systems, the use of biophys-
ical models in the form of a game in participatory workshops
allows actors to explore a wide range of material resource use
modes (Martin et al. 2011). An important challenge for sci-
ence is that these models need to consider the complexity and
uncertainty associated with implementing biodiversity-based
agriculture (Ingram 2008).
The definition of monitoring criteria is a key component in
the backcasting approach (step 4). Theymust indicate whether
actors’ practices have the expected effects on the social system
(e.g. nature and density of social networks) or the ecological
system (e.g. level of ecosystem services). These criteria must
be rendered into operational indicators of adaptive manage-
ment. Based on a resilience framework of a rural social-
ecological system, Cabell and Oelofse (2012) and Schouten
et al. (2012) developed indicators of the state of ecological and
social systems. Indicators for the ecological system include (i)
diversity and heterogeneity of crops and landscapes, (ii) the
state of resources (e.g. water and soil organic matter) and (iii)
genetic resources adapted to characteristics of the local envi-
ronment. Indicators for the social system relate to methods
used for promoting knowledge exchange between actors in
the territory and the level of sovereignty expected for re-
sources, techniques and knowledge at the territory level.
5.3 Governance structures to support social learning
As already mentioned, in many situations, the problem of
collective management of a resource is associated with a fail-
ure of governance (Folke et al. 2011; Pahl-Wostl et al. 2010).
In the socio-technical (Smith et al. 2010) and social-ecological
approaches (Ostrom 2009), the challenge consists of
searching for adaptive multi-level governance that permits
individual and collective activities to be coordinated with the
respective aims of sustainable management of natural re-
sources and of production and exchanges in marketing sec-
tors. When one seeks to implement biodiversity-based agri-
culture, the challenge is to design and implement governance
structures that promote the social learning process necessary
to develop local-level coordination between the activities of
farming systems, supply chains and natural resource
management. Hargrove (2002) and Pahl-Wostl (2007) use
the triple-loop learning concept for describing the nature of
the learning process at hand. The first learning loop refers to
incremental and standardised changes in practices, with the
aim of meeting a predetermined goal. This first level of learn-
ing is typically applied by actors of the efficiency/substitution-
based agriculture when adopting incremental innovations.
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The second learning loop entails that the objective itself be
reconsidered before searching for an optimal solution. The
third learning loop refers to a profound change in knowledge,
norms and values supporting the existing governance struc-
ture. Due to the objective of biodiversity-based agriculture, it
is necessary to implement the last two learning loops to make
necessary radical technological, social, economic and
institutional innovations possible.
Ostrom (2005) and Pahl-Wostl (2009) show that the main
types of governance structures vary in their support of these
learning loops. While markets and bureaucracy (regulatory
agencies) can manage the first learning loop, it becomes more
expensive to resort to them when the learning process be-
comes more complex. Management costs of a second learning
loop are often high in a bureaucracy. Coordination by amarket
governance structure encounters the same difficulty, even
though the problem is less severe when redefinition of the
objective is sustained by incentives for changing practices.
When the process involves changes in norms and values,
North (1990) and Ostrom (2009) show the effectiveness of
hybrid networks of actors or informal institutions in which
skills, knowledge and practices are discussed in informal fo-
rums or “collective choice arenas”. This type of hybrid gov-
ernance structure, based on exchanging experiences with in-
novative practices within a network of actors, is adapted to the
farm level but also to the supply chain and natural resource
management (Fares, unpublished). These structures imply
public-private co-regulation, in which traditional instruments
and tools of public regulation (e.g. norms, standards, incen-
tives via agro-environmental contracts) are combined with
private tools built by local actors (e.g. contracts between firms
and farms to manage groundwater problems).
6 Conclusion
Biodiversity-based agriculture is an alternative to the domi-
nant efficiency/substitution-based agriculture. Its attractive-
ness and promise increases as social pressure increases for
sustainable management of the environment and agriculture.
It is particularly challenging in intensive production areas,
such as intensive lowlands, mixed crop-livestock and live-
stock zones in developed countries and intensive agricultural
zones in developing countries where agricultural development
has been driven by the green revolution. It requires simulta-
neous implementation of agronomic innovations that enable
the development of diversified farming systems and new
modes of coordination between actors in supply chains and
for natural resource management. Accordingly, its adoption
and diffusion depends on an innovation process involving
technological, social, economic and institutional changes per-
formed by a variety of actors with different interests and
viewpoints.
We developed a conceptual andmethodological framework
tailored to help local stakeholders design the agroecological
transition towards a territorial biodiversity-based agriculture.
It hybridised concepts and methods related to farming, social-
ecological and socio-technical systems and transition manage-
ment, design and sustainability science. It was framed to (i)
structure identification and strong involvement of the many
types of concerned stakeholders throughout the design pro-
cess; (ii) be holistic, to consider interactions within and be-
tween the subsystems of local agriculture; (iii) consider the
specific characteristics of different management strategies
and the incompleteness of associated knowledge; and (iv) be
transdisciplinary, to integrate the knowledge of researchers
and stakeholders. As such, it participates in the development
of “integration and implementation sciences” (Bammer 2005)
since it (i) attempts to provide sound theoretical and method-
ological foundations to address societal issues characterised
by complexity, uncertainty, change and imperfection; (ii) is
based on systems and complex thinking, participatory
methods and knowledge management and exchange; and
(iii) is grounded in practical application and involves a large
stakeholder panel.
The design methodology presented here aims to support
local stakeholders in designing an expected and coordinated
innovation process within farming systems, supply chains and
natural resourcemanagement. It enables stakeholders, assisted
by researchers, to define an action plan that includes adaptive
governance structures and management strategies to steer the
transition at the local level. This “action plan” specifies both
the expected local agriculture to develop and the pathway and
social organisations to establish. To effectively develop a ter-
ritorial biodiversity-based agriculture, the design process must
continue with effective transition management, which is an
“on-the-go” decision process based on adaption to factual en-
dogenous and exogenous changes and implies experimenta-
tion and individual and social learning. The challenge for ef-
fective transition management (vs transition design) is to man-
age iterative participatory design-assessment cycles and large
collective “learn-by-doing” and “do-by-learning” processes
about the agroecological transition. Transition management
may be supported by iteratively implementing our methodo-
logical framework from the forecasting step to the design of
adaptive governance and management step.
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